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FIRST QUARTERLY PROGRESS REPORT
ON
"CONCEPTS OF MULTIPLE-IMPACT STUDY OF ENERGY ABSORPTION"

l. SUMMARY
2470 %

Flow and fatigue characteristics of ductile metals under cyclic plastic straining
are summarized In relation to multiple-impact energy absorbing devices. Pertinent
material parameters are identified and certain behavior trends based primarily on low=
cycle~rate tests reported in the literature are discussed. From these observations
idealized analytical models are developed for describing the behavior of cyclic-strain
energy absorption devices utliizing metals.

An experimental program utilizing cyclic torsion tests, and aimed at extending

the cyclic straln data to impact cycling conditions and verifying the analytical models,

is discussed. A complete description of the test apparatus is presented. V=

i, INTRODUCTION
An attractive new concept of energy absorbing devices utilizing cyclic strain

energy absorption of materials was disclosed recently by ARA, Inc. (Ref. AA). It was

shown that devices of this type would be capable of specific energy absorptions (ft-lb/Ib)

greatly exceeding values attainable with other devices currently under study and would
also be capable of multiple~impact operation. The feasibility of such devices was
demonstrated at ARA, Inc. by the design, construction, and testing of an impact device
produced a specific energy absorption in the working material approximately five times

that practically attainable by unidirectional straining.




This concept of multiple-impact energy absorption has great significance in
relation to space applications such as landing and docking Impact devices where
weight Is o predominant consideration. The present research program is being con-
ducted to study and evaluate this concept both theoretically and experimentally,
and to develop Improved methods for analytical prediction of the characteristics and
behavior of these devices.

The characteristics and performance of cyclic strain energy-absorbing devices
are directly related to the behavior of the working materials during cyclic straining.
Consequently, a principal phase of this investigation involves the study of material
behavior under cyclic straining conditions appropriate to energy-absorbing devices.

The scope of work for this first quarter includes a study of cyclic plastic
straining of metals based primarily on low-cycle-rate tests reported in the literature;
the do;l!‘.‘;pmont of idealized onalytical models to describe the performance and
behavior of cyclic strain energy-absorbing devices utilizing metals; and the design
of cyclic torsional testing apparatus for studying metals under impact cycling condi-
tions. Approximately 23.7% of total allotted program funds and manhours were
expended during this three-month period.
i1,  SUMMARY OF CYCLIC PLASTIC STRAINING OF METALS IN RELATION TO

ENERGY-ABSORBING DEVICES

A. Basic Concepts

The performance and behavior of energy-absorbing devices utilizing

cyclic deformation of metals can be directly related to the behavior of the hysteresis




ioop of the metal during cyclic straining and the relation between the hysteresis loop
and fatigue life. Some of the pertinent parameters are indicated in Fig. 1. These
are the total strain range, ACT, the plastic strain ronge, ACP, and the maximum
stress range, A T max® Another important parameter Is the ratio of the average stress
range to the maximum stress range, f = AJF/A 0 pax? Which 1s related to the
shape of the hysteresis loop.

In typleal space applications such as landing Impact, the total strain
range will be ﬁ#ad by the design. Also, the number of cycles per unit stroke length
will usually be specified. .éince the work done on the device per unit length of stroke
is equal to the energy absorbed per cycle times the number of cycies per unit length of
stroke, if frigtion is neglected, the resisting force during impact is directly related to

the energy abmhed per cycls or the area under the hysteresis loop; i.e.,
Fdx = V wp\%j_) dx = (const.) wo dx,
or F = (comst.)w,,

where F s the resisting force, V,, is the volume of werking materlal, Wp Is
the energy absorbed per unit volume per cycle,* %-x{ is the number of cycles per
unit stroke length, and dx is an increment of stroke length. Thus, the force-

deflection or deceleration-time curve for the device depends on the variation of Wp

with distance or time, or the variation in the area under the hysteresis loop with number

¥ For the present discussion it I3 assumed that the working material Is strained uniformly.



' of‘»cyda. The behavior of the devics dwring o pcmévlet Impact depends on the
varletions In  wy which oceur during the Impact, while changes In the behavior for
muitiple iipacts are related to changes in Wy which ocour during the variows Impachs.
Chonges In  wp during a single Impact depend primatily on short term effects such as
hmpmh:n rlee cdmmlﬂv!ty. ond variations with number 'offitmcn ch related
to long=term effects luqﬁ a8 strain hardening or softening, and motcl.d.hrlmﬂon.

. A sscond Mhl sonsideration in evaluating the performance of
these divfm Is the fatigue behavior or, more specifically, the relation batween the slize
and shape of the hysteresis cvrvo and the number of cyélos to fallure. This relation
governs the averall performange of the working muterial since it describes the total
omr‘y ebsorption capabl.llry,“ the reletion between performance per Impact and number
of tnp«h‘}eﬁfbﬁo, ofc. An w!rtcul relationship which describes the low eycle
fatigee hhv(or ofa ms.iy of metuls Is glven By (Ref. A),

N*Ae, -, @)

where N s the total number of cycles to fallure and C is a constant for the
material.

The fatigue of metals from cyclic plastic stralning has been studied by
a number of Investigators in recent years and considerable experimental data has been
_gemmnd . In conjunction leth these and other investigations the flow characteristics
of metals durlng cyellc plastic straining have also been studied experimentally although

avallable data of this type appears to be somewhat more limited. In most.of these




Investigations the metals were strained ot very low rates and under isothermal conditions.
Consequently, the data is not direatly applicable to conditions of rapid cycling, as
ocours during impacts where rate and temperature effects can be significant. On the
other hand, comsiderable attention has been given to rate and temperature effects

during unidirectional straining of metals. In the following sections some of the
pertinent results of these studies are summarized, and general behavior trends are
indicated. From these results certain behavior and performance characteristics of
energy~-absorbing devices are indicated and idealized models for describing their
behavior are developed. In addition, areas in which further basic testing is necessary
to verify and improve these models are discussed.

B. Flow Characteristics of Metals under Cyclic Straining

The flow characterlistics or stress=strain behavior of ductile metals under
cyclic plastic stralning have been studied by a number of investigators. Although most
of the test data have been generated under very low cycling rates where rate and tem-
perature effects are not significant, some general behavior trends have been cbserved
which are pertinent to energy-absorbing devices. Some of these are briefly reviewed.

One of the most significant of these observations Is the pronounced
Bauschinger effact which is operable in most ductile metals under completely reversed
cyclic plastic straining. In the absence of this effect the flow characteristics or strain-
hardening behavior of metals under cyclic straining conditions might be estimated from
the classical theory of plasticity. According to this theory the state of strain-hardening

of a ductile metal depends on the total plastic strain imposed or plastic work done on



the metal, and the actual functional relation boMo?n stress and strain con be determined
from o tensile test. However, in the case of completely reversed cyclic straining of
ductile metals the strain-hardening behavior departs radically from the classical plastic
behavior. Rather thon hardening with plastic strain according to the tensile curve, the
data from a number of Investigators indicates that strain hardening (or softening) develops
in the first few cycles, efter which further cycling causes hardening or softening at o
rather slow rote. Moreover, the maximum stress to which the material !mrdcm, ot the
"saturation” stress, depends on the plastic strain range, A €P . In general, the higher
the value of A €p., the more rapid is the strain~hardening and the higher the "satura-
tion" stress.

Typlcal stress=strain behavior of a ductile metal during strain cycling
might be as Indleated q@"hﬂwly In Fig. 2. The rate and extent of strain-hardening
depends on the total straln range, as shown in the figure. The stress range at "saturation”
Increases with straln range, as mentioned above. Quantitative examples of this affect
are given in Figs. 3to 7, Fig. 3, based on the data of Ref. B, shows the increase in
stress with number of cycles for cyclic straining of 24 ST aluminum alloy ot various
plastic strain ranges.® Because of the large strain ranges "saturation” occurred very
quickly. From the results of Fig. 3 a curve of "saturation" stress vs. strain range has
been constructed and Is shown In Fig. 4. Also shown in this figure Is the initial true
stress~strain curve for the materlal. Curves of this type are useful in the design and

analysis of energy-absorbing devices since they indicate the resisting stress and the

* Tn mast of these tests the elastic range was small compared with the total strain range
sothat A€y = A€y,




performance of the device vs. strain range, after the hysteresis loop has been developed.
Moreover, 1t Is of interest to seek a general relation between the “saturation™ stress wvs.
strain range and the initlal stress=strain curves for typical ductlle metals. Such a relation
would permit the evaluation and comparison of a variety of metals from their tensile data,
which is much more readily attainable than dota on cyclic stralning behavior.

Although typical data indicate that ductile metals strain-harden during
initial development of the hysteresls loop, some data show an inittal strain-softening
os wall. In general, annealed metals appear to strain-harden while hardened or cold-
worked metals appear to strain-soften. Figs. 5 and 6 show these effects for hard and soft
copper and steel, based on the data of Ref. C. Here, stress amplitude (/\ G max/2) Is
plotted against total plastic strain (2N A GP) for different valuas of total strain range.
it OM,‘ from these data, that strain-softening of the cold-worked metals takes place
more slo\;ly than strain-hardening of the annealed metals. Further examples of strain-
hardening and strain=softening are shown In Fig. 7, based on the data of Ref. D.

It is apparent from Fig. 2 that the shape of the hysteresis loop, as
described by the parameter ? , or the ratio of average to maximum stress ranges,
Is an important factor in the evaluation of energy~-absorbing devices. Since, from the

defining relation for ? ,

w, = ode, = SN0 Ac,, (3)
P hysteresis P ? max P
loop
Wp is directly proportional to ? for fixed values of A T max and AGP .




Tﬁu, varigtions In  wy and in the deceleration~-time behavior of these devices could
result from voriations In ? , ovenif A Oax o™ AEP remained fixed. Typical
data on flow characteristics of ductile metals under cyclic straining indicate that straln-
hardening during tha tensile and compressive parts of the hysteresls loop decreases with
increasing strain range. l.e., ? increases with Increasing straln ronge. Moreover,
the data further indicate that the shape as well as the size of the loop develops during
the first few cycles and changes very slowly with increased cycling. However, most

of the avallable data were generated under low rate and nearly isothermal conditions.
Thus, for application to impact cycling conditions, it is important to evaluate the
effacts of high cycling rates and temperature rise on ? , and their consequent effects

on the perfarmance of the devices.

iv. EFFECTS OF FLOW CHARACTERlSTICS ON PERFORMANCE
A, Basic Conslderations

From the foregoing discussion It is apparent that various changes in the
flow characteristics of the working metal during strain cycling can offect the performance
and behavior of an energy~absorbing device. Thus, under different design conditions,
three different force~deflection or deceleration-time curves for a device might result,
as indicated in Fig. 8. Curve A, which might represent the optimum for such a device,
could result for the case where the hysteresis loop were established and did not change
with cyeling during the impact; or, It could result for a case where the hysteresis loop
changed but In such a way that the area under the loop remained constant. Curves B
and C could resuit for cases in which the area under the hysteresis loop increased or

decreased, respectively, during impact.




From mmm disevmlon of flow characteristies of metels during
cyc"ng, It becomes m’Mm increcse In flow strems alons can increass or
d-mﬂnmcmdcrﬂnhy:mlﬂup.wmmcﬁnfpwmhnofﬂnlmp
This Is iHhatroted In Fig. 9. Figi % reprasents a case where AG, 1s small compared
with AG‘, !.0 . analwnmbfoflmchwolarpnwnhﬂofcyelu
tofo"mknqblnd. 'ﬂusdldcwvonpnmhﬂnhyshmlsloopmthomd
cycl!g’mqﬂﬁw‘mwhﬂnIoopcfhron!nmtnﬂw:m. It
seen !im ﬂn!mh strees is more than compensated for by the decrease in A €po

for & constant volue of A€, so that the net result is o decrease In w;. Fig. 9,

pe
on the cther hand, srspresents o case where AC Is almost squal to A&T, and
would ruuf! if only e mﬁll nwahor af cycles to fatlure were required. Here 1t can be
mﬂﬂ!qmlsmm&hm increase In  w, .

Far mmn !h alostic straln range, A Cg , Is Important, such

as in Fig. 9::, it Is convenient to make use of the relations

AGT = Ae:p + A, (4)
and
Ao
AeE -, (5)

and to rewrite Eq. (3) in the form,

AT
w, = ?AO‘M (ACT - _..E._"P_"_\I (6)
\ i




From Eq. (&) it is possible to estimate the effect of a change In AC gy o Yp-

Assuming ﬂut ?, AGT, oand E remaln constant, /

d.w Ao
A . T —_—

VAN — ? ( E
Thus, for the condition where a change In A 0~ o  Gouses no change In Wp o
i’_“.:e_.__. s sero, and Eq. (7) gives
dA 0 pax

0 max
ag, = 22 e ®)

By Eqs. (4) and (5) it is seen that this corresponds to AGP = AGE . Thus, for

A€, < AQ,, enlncremse In A0, during an Impact results In a decrease In
Wpo whlch gives rise to a load-deflection curve of type C In Fig. 8; conversely, a
decrease In A g, msults In an Increass In Wp and a curve of type B. Simllarly,

during impact results In a curve of

for A€P b3 AGE,anlncremeln AT max

type B aond a decrease in A G g, fesults in a curve of type C.

The "cross-over" value of strain range given by Eq. (8) Is of interest
since, within the limitations of the foregoing assumptions, it corresponds to a hysteresis
loop relatively insensitive to changes in A g~ ax ¢ @nd a load-deflaction curve of
type A in Fig. 8. A typical value can be estimated for 24 ST aluminum alloy, using

the curves of Fig. 4 and a value for E of 10.6 x 108 psi. Taking a value of twice

-10-



for ACT Is about two percent and ACP is about one percent. With a value
for C InEq. (2) of 0.48, from Ref. A, the number of cycles to fallure for this case
is 23,000. Thus, for a typical landing impact device using 24 ST aluminum alloy,
which produces perhops 20 cycles per Impact, the "cross~over" condition would
correspond 1o a cepebllity of about 1200 impacts.

B.  Temperature ond Rate Effach

Two effects which could produce changes In flow stress during an impact
" are temperature rise and variation In rate of stralning. However, If mfa-’-s‘anslﬂvlfy
effects are of the same order of magnitude for cyclic plastic straining as they are for
unidirectional straining, the result of these effects should be small for mast cases of
lnw. This 1s d.mtrﬂhd by the following example.

Rmmmvm. n, Is defined by

| 3L o
h = - 9
(&Lép)e; 9)

*

where 0~ is the flow stress corresponding to a particular value of GP oand €

p
denotes the derivative of €p with respect to time. This equation is normally used

to relate changes in flow stress with changes in uniform strain rate during unidirectional

straining. Thus, in the range where Eq. (9) Is applicable,

. N

o ~<€p (10)

for a given plastic strain, or,

1=




L. 02/
2%, /<, ()

where the subscriphs dencte two different strain rates. Rate sensitivity values ot room
tempercture are wually in the naighborhoed of 0.01, and those at elevated temperatures
are in tha nelghborhood of 0,1.*

For the prasent example, it Is assumed that the strain is applied sinu-
soidcﬂy and that the elastic straln range Is negligible so that 4 GP x A €.

Thus,
ADAep .
€P= 5 Db, W T, (12)
@ o
. wAhEpP
€p = 7 coe T | (13)

where w is the cycling frequency and Is related to ¥/ by

| dv
“ = iwmac . (14

Sinusoidal stralning in actual tests gives rise to hysteresis loops of the type previously

discussed, as iflustrated in Fig. 10. Thus, if rate sensitivity effects during cyclic

+ See, for example, Ref. E, pp. 171-195.

-12-
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straining are similar to those for unidirectional straining, it might be expected that the
maximum stress range at "saturation” would be proportional to the amplitude of QP '
or, by Eqs. (10) and (13),

Aa’m“ ~ w”

(15)
Consider the effect of rote sensitivity on an impact device in which the onset velocity
Vo corresponds to a cycling frequency w,, l.e.,
v oo 9% _dxdv_ ped)
= 4 T dudt = dv (16)
orl '
Vv = (const.) w and U, = (comst.) wo , (17)
provided d%_ 15 constant.
dv
By Eqs. (1), (6), (15) and (17),
_E _ We ” AT max V; ( U)n 1
FO - (wP°) ( A G—M‘;/{° UO ? ( 8)

assuming, as before, that n ad O GT are constant. Here the subscript o
denotes a quantity corresponding to the onset velocity. Thus, as the velocity decreases
during impact rate sensitivity effects give rise to a load~deflection curve of type C In
Fig. 8. |If it is assumed that the effects are small so that the force and deceleration are

offectively constant,

-13-




2 . : _
v = Vs +2aX (19)

and

i

where L Is the total stroke length and -a is the deceleration. From Egs. (18)
and (20), the load~deflection relation can be written

— ,._.,(g..__.

F ",
- £)

(21)

Assuming, for example, a rate sensitivity of 0.02, the value of ?F_ at x/L = 0.5
would h 0 993.  Thus, for typlecl room temperature rate nmlﬂv;:y values in the
nolgl'bathood of 0 01 this effect would be negligible and the load-deflection curve
would be essenﬂaﬂy flat. Even for cases where the metal increased in temperature so
that the rate sensitivity increased, the effect on the load-deflection behavior should be
small, provided, of course, that rate effects for cyclic stralning are of the same order of
magnitude as for unidirectional straining.

For cases where the metal temperature increases appreciably a more
significant effect on load-deflection behavior than rate sensitivity will probably be
the decrease in flow’stross due to the temperature rise. For some ductile metals, the

change In flow stress during unidirectional stralning can be described by a relation which
has the form

19

- ezm k(=) ], 22

-14-



where K 15 a constant for the material, T s the absolute temparature, and the
subsaript o refers to some reference temperature. This relation Is generally used
to describe the effect of temperature on flow stress for o particular strain and strain
rate, and the Whr K con be estimated, for example, from tensile strength
data. Mmom,ﬂn extension of such o relation to cases of varlable temperature
and strain rate hlmﬂu requires the postulate of a "mechanical-equation-of-state”
concept which Ignores temperature end rate history effects. Although there exists
evidence that such a concept Is generally Invalld, the errors resulting for many load
historles are sufficiently small that the concept can be used as o first approximation.®
Furthermore, the valldity of extending this concept to describe saturation flow stress
behavior Mno eyclic plastic straining has not been verifled. However, If it Is
assumed M tho maximum stress range during strain cycling is affected by tempera~
ture uccofd!né to fq. (22), the resulting effect on load-deflection behavior can be
estimated,

Assuming, as before, that the elastic strain range is negligible and

that dv /dx, % , and & €1 ore constant, Eqs. (1), (8) and (22) yield
F (x) = F, W—[-K(-_;-;o-mJ] ) (23)

where the reference state corresponds to the initial temperature of the metal. The

* See, for example, Ref. E, Chap. 7.




temperature rise is equal to the plastic work done on the metal, provided friction Is
neglected, so that

dT F(x) , 2
o x Mwc : (24)

whers M, s the mass and c Is the heat capacity of the working metal. Combina-
tion and integration of Eqs. (23) and (24) yleld the result,

-XK - X
refkfe@)nen] - (fee ) e

where Ei Is the exponential integral, defined by*
[T T t T
B (t) = / — dT ; (26)

- D

and which can also be expressed in series form by

t! t." t4
Eé(t)"“»d»t-r-f-t—z—-'zl.,«—j-__g! _a/.}_... ; 27)

where 77 = 0.5772. Eq. (25) can be solved for different values of T to yield
acurve of x vs. T. Substitution of these values in Eq. (23) then yields the required

load-defleaction curve.

* See, for example, Ref. F, p. 96.
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An example is shown for an Impact device utilizing 347 SS working
metal, which is designed to produce a specific energy absorption in the working metal

of 84,000 ft-Ib/Ib during a single impact. Assuming adlabatic conditions, this pro-

duces a 900° F temperature rise during the Impact and a decreasing load-deflection
curve. Assuming an Initlal temperature of 70° F, the value of K for 347 SS in
this range, based on' tensile strength data, is 347° F. With these values, Eqs. (23)
and (25) yleld the load-deflection curve shown in Fig. 11,

V. TEST PROGRAM
A. Objective

A test program Is currently underway to study cyclic straining of
metals under conditions cpptopﬂch to impact devices and its application to actual
devices. | |

Pﬁuse | of fhl‘; program consists of a basic experimental study of flow
and fatigue characteristics under rapld cycling rates where rate sensitivity and tem-
perature effects can be significant. A principal objective of this phase is to evaluate
and compare flow and fatigue characteristics of several promising ductile metals with
similar data obtained under low cycling rates, and to compare cyclic flow character-
istics with those obtained under unidirectional straining. In addition, an attempt will
be made to evaluate and compare rate sensitivity and temperature effects with similar
unidirectional data.

Phase Il of this program will include the design, construction, and
testing of an impact device utilizing a metal torus element. This phase will provide
a means of testing the analytical models developed for predicting the behavior of

such devices, utilizing data of the type generated in Phase |.

17~




For the Phase | studies, It was declded to utilize cyclic torsion tests
with tubular specimens. In this manner It is possible to study flow characteristics
under approximately uniform states of deformatfon and stress. The metuals selected
are 347 stainless steel, 24 ST aluminum alloy, and molybdenum. The 347 $S and
24 ST Qlumlnum were selected on the basis of their specific energy absorption capa-
bilities and availability of low cycle rate test data, and the molybdenum was selected
because of its unique temperature capabilities and thelr consequent effect on specific
energy absorption,

The pertinent parameters to be varied during the test are total strain
range, cycling rate, temperature, and duration of run. The latter parameter, analo-
gous to number of cycles per impact, controls the temperature rise of the specimen
during a run. The resisting torque, from which flow stress can be computed, will
be monitored continuously throughout a run. It is also planned to measure fatigue
life for the varlows cycling conditions. A complete description of the test apparatus
is presented In the following section.

B. Cyclic Torsion Test Apparatus

This apparatus is designed to apply cyclic strain to a series of torsion
specimens. The apparatus is schematically outlined in Fig. 12. The measurements
to be recorded were described in the previous section under Phase |; briefly, they
are: strain range, cyclic rate, total cycles, strain torque, and temperature history.

Certain parameters are built into the device and are not directly

measured. The total strain range is set by the adjustment of a cam mechanism (8)



which drives a gear. This determines the angular cscillating motion of torsional strain
applied to.tho moving end of the specimen (10). The cyclic rate is varied over ’ond
under the motor dﬂﬁ rate by means of a pul Io); combination (6) between the clutch
shaft and the com shaft. The drive rate of the motor (3) Is approximately 50 cps and
is od[uohblo to 25 cps or 100 cps. A large fly wheel (4) attached to the motor shaft
will pmv!do essentially constant rate for short runs of 5 to 20 cyclos. The actual
number of cycles from Initial start to shutdown will be predetermined by a preset
subtraction counter (7) and this counter will also measure the total complete cycles
for each run. A clutch control unit (2) connects the drive cam to the motor and the
engagement can be varied to control the acceleration forces.

An oscillograph recorder (14) and amplifier control unit (13) will be
used fe*‘in&d the torque (strain force), cyclic variations, temperature rise, and total
cycles per run. The escillograph record will have a precision time pulse record as
part of sach run. This record will provide time base for reduction of the recorded
data. The strain history of sach cycle will be gonerdtod by a strain gage load cell (12)
which will convert the torque into electrical signals to be recorded by the oscillograph.
In this record will be the torque history of each cycle, the total cycles, and the cyclic
rate for each run. The counter will be used to total the actual number of cycles
required at fallure. If possible, a thermal record will be obtained on a channel of
the oscillograph for each run. The exact technique for temperature recording has not

been determined at the writing of this report.
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The specimen Is designed to permit a straln range from zero through
the elastic to include approximately 10 percent plastic (Fig. 13). Adjustments of
the torque arm and the cam drive will allow adequate electrical outputs for all of the
tests presently programmed. Twenty specimens of each of three materials are scheduled
for testing over a varlation of rates and strain ranges. The number of cycles per run
will be determined by the temperature rise during each run. As an example, the
stainless steel specimen ot 100 cps and 5% strain can be expected to heat itself
approximately 1000° F In less than 10 straln cycles. The number of cycles per run
will be limited to the range of 5 up to 100 except for special tests whose heating
effects are to be obsarved. A few runs with the specimen preheated to a scheduled

temperature are propased, depending upon the test time available.

Vi, Furua'g-:’wonx

The purpose of this section is to describe briefly the anticipated work that will
be required during the next quarterly period. Emphasis will be placed on obtaining
adequate experimental data, analysis thereof as well as correlation of the analytical
models required for their verification. Finally, the basic data should then be used
for prediction of performance for actual impact devices. Detailed outlined of this
future work is provided as follows:

A. The complete apparatus described in Section V, Test Program, will be
calibrated to insure proper interpretation of results.

B. Preliminary trial runs of the apparatus will be performed during this

period for possibie debugging of the mechanical systems involved.

~20-




C. Complete cyclic torsion tests will be made on the following three metals:
1. 24 ST aluminum
2, Type 347 stainless steel
3. Molybdenum

D. Correlation of the rapid cyclic strain behavior with flow rate behavior
which has been described in the literature will be made. If discrepancies exist,
possible explanations will be evaluated.

. E, As a result of thc test described In "C", an attempt will be made to
evaluate rate sensitivity and temperature effects.

F. Previous analytical models described in both the literature and the
work conducted under this study contract will be verified.

G.  An attempt will be made to apply the basic data obtained in the
described test program, Section V, to predict the performance and behavior of actual
impact devices.

Although all of the previous items may not be obtained during the next quarter,
every attempt will be made to obtain adequate data. Should problems arise, these

will be reported in the Monthly Status Reports.
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FIGURE 13, CHANGE IN APPLIED STRESS FOR CYCLIC
' STRAINING OF 24 ST ALUMINUM ALLOY ROD
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FIGURE S.
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FIGURE 6, HARDENING AND SOFTENING OF SOFT AND HARD STEEL
BY CYCLIC PLASTIC STRAINING '

QA. SOFT STEEL Hao

&€ *0.0090,
8%.6 a<, -00099, e
) b 0.0033,

{r' 0.0055\ o o —0-
o0
0.0035 . 0.0035,
672 D.0023, | ~ — 0.0025y]
- 0.00(7+ 0.00i7, |
44 .8
224 .
] o 0.5 1.0 O s 10
CUMULATIVE PLASTIC STRALIN 2.A€P
b. HARD STEEL 157.0 ‘

N |
1344 \\;\b\,_ A€, 0,050 ] — ]

‘\i\\‘\w& \’\Aﬂ (AC" x0.0lS'O: ‘
lizo g 0.6035. °\“zﬁ—ﬂr::.:.—(, Q0090, : :

T
\wb. :&NH&{L
89.6 p—————u—_, 0.0025, T— 00035,
6\\\«__‘0&

7.2

o) 0.5 1.0 O 5 )

CUMULATIVE PLASTIC STRAIN Z A <,

.y

-27-




ER

FIGURE 7. VARIATION OF LOAD WITH NUMBER OF
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FI1G. 8. TYPICAL LOAD - DEFLECTION OR
DECELERATION—TIME REHAVIOR ;

LOAD OR DECELERATION

DEFLECTION OR TIME

-29-




FIGURE 9 EFFECT OF INCREASE IN FLOW STRESS
ON HYSTERESIS LoOOP
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